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Abstract. Warming due to climate change is generally expected to lengthen the growing season in areas
of seasonal climate and to advance plant phenology, particularly the onset of leafing and flowering. How-
ever, a reduction in aboveground biomass production and reproductive output may occur when warming
is accompanied by drought that crosses critical water deficit thresholds. Tracking warmer temperatures
has been shown to be species-specific with unknown impacts on community composition and productiv-
ity. The variability in species’ ability to leverage earlier leaf unfolding and flowering into increased above-
ground net primary production (ANPP) or increased investments into reproductive organs has heretofore
been poorly explored. We tested whether phenological sensitivity to temperature, as a result of experimen-
tal warming, directly translated into increased plant performance, as measured by ANPP and flower abun-
dance. In order to experimentally simulate climate warming, we translocated a total of 45 intact soil–plant
communities downslope along an elevational gradient of 900 m within the European Alps from 1260 to
350 m asl and weekly recorded flower abundance and total green cover as well as cumulative biomass pro-
duction at peak growing season. We found that advanced phenology at lower elevations was related to
increased reproductive performance and conditional on whether they experienced drought stress. While a
temperature increase of +1K had positive effects on the amount of reproductive organs for species with
accelerated phenology, temperature increase going along with drier conditions resulted in plants being
unable to sustain early investment in reproduction as measured by flower abundance. This finding high-
lights that the interaction of two climate change drivers, warming and drought, can push communities’
past resistance thresholds. Moreover, we detected biotic competition mechanisms and shifts toward forb-
depressed states with graminoids best taking advantage of experimentally altered increased temperature
and reduced precipitation. Our results suggest that while species may track warmer future climates, con-
current drought events post a high risk for failure of temperature-driven improvement of reproductive per-
formance and biomass production in the European Alps.
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INTRODUCTION

Climate change will affect plant community
dynamics and functions by unevenly altering
species’ phenologies (CaraDonna et al. 2014,
Alexander and Levine 2019, Giejsztowt et al.
2020). Temperature increase due to climate
warming in mountain regions is expected to be
two to three times higher than the global average
(Appenzeller et al. 2008, Pepin et al. 2015). The
potential positive effect of warming in mountain
regions on plant growth via longer growing sea-
sons (Gobiet et al. 2014) and increased metabolic
rates (Larcher 2003, Körner 2006) can be counter-
balanced by late frost events (Inouye 2008, Wipf
et al. 2009) or drought effects (Jentsch et al. 2009,
Buchner et al. 2015, De Boeck et al. 2016, Berauer
et al. 2019). Plant reproductive potential is tightly
linked to phenological plant strategies such as
the timing and abundance of flower production,
making the sensitivity of phenology to climate
warming a critical component of future plant
community dynamics and ecosystem service pro-
visioning in mountain regions.

Warming is expected to generally advance
flowering onset (Menzel and Fabian 1999, Cor-
nelius et al. 2014, Munson and Sher 2015). Long-
term monitoring has shown that species that
declined in abundance over time showed little or
no ability to track warmer local climate and did
not advance their flowering phenology (Willis
et al. 2008). Changes in flowering phenology
are among the earliest observed reactions to
changed environmental conditions (Inouye 2008,
Box et al. 2019), responding to a variety of abiotic
factors (such as photoperiod, above- and below-
ground temperatures, soil moisture and snow
cover, in other words vernalization cues) and in
turn steering biotic interactions (Jentsch et al.
2009, Zhao et al. 2020). Responses to warmer cli-
mate have been shown to vary between early-
and late-flowering species, with early-flowering
species tending to benefit most from increased
spring temperatures (Moore and Lauenroth 2017,
Arfin Khan et al. 2018). Despite this general
trend, late-flowering species can match (Miller-
Rushing and Inouye 2009) or exceed (Carbognani
et al. 2016) the benefits early-flowering species
receive, potentially pointing to deleterious effects
of early flowering such as pollinator desynchro-
nization. On a community level, changes in plant

phenology can increase a niche overlap of spe-
cies, decreasing phenological complementarity
(Rathke and Lacey 1985). Decreasing phenologi-
cal complementarity in turn may influence com-
petition between species by increasing overlap in
resource acquisition strategies (Nord and Lynch
2009, CaraDonna et al. 2014), plant–pollinator
mutualism (Dyer et al. 2021), and trophic syn-
chronization (Hegland et al. 2009, Schmidt et al.
2016) or windows of opportunity for non-native
species to establish within the community (Wolk-
ovich and Cleland 2011, Alexander and Levine
2019, Vetter et al. 2019, Giejsztowt et al. 2020).
Warming can also indirectly influence plant

phenology by increasing water stress due to
amplifying droughts, which will likely increase
in abundance due to shifts in precipitation
regimes (Gobiet et al. 2014, Spinoni et al. 2018).
This is important, as water limitation may sup-
press both plant growth and reproductive fitness
(Engler et al. 2011, Robinson et al. 2013, Leitinger
et al. 2015, Dietrich and Smith 2016, Grant et al.
2017). Thus, phenological advancement can
make early investments into reproductive organs
followed by water stress potentially damaging to
an individual. However, phenological responses
to drought vary widely, having been shown to
advance (Peñuelas et al. 2004, Jentsch et al. 2009,
Bernal et al. 2011) or delay plant development
(Nagy et al. 2013). Further, phenological
response to drought may inert flowering onset,
change abundance of flowers (Dunne et al. 2003,
Saavedra et al 2003, Abeli et al. 2012, Cornelius
et al. 2013) or reduce carbon allocation to repro-
ductive organs (Barnabas et al. 2008, Liu et al.
2012, Zeiter et al. 2016, Kreyling et al. 2017),
highlighting species-specific responses (Jentsch
et al. 2009). Further, extreme summer conditions
such as drought in the temperate zone are
known to increase early leaf senescence (Kreyling
et al. 2008, Benot et al. 2014, De Boeck et al.
2016), decrease plant vegetative growth, and
reduce seed abundance and seed weight (Zeiter
et al. 2016), indicating that plant stress reduces
plant fitness (Walter et al. 2013). Ultimately,
while warming may advance flowering, subse-
quent drought can interrupt or reverse this pat-
tern as species divest from reproduction.
The effect of warming on the abundance of

reproductive organs has shown to be highly
species-specific and study system-dependent.
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Moreover, it remains unclear whether advanced
phenologies of species that are able to track cli-
mate change can draw benefits, namely increase
in carbon allocation to vegetative biomass or
reproductive organs, from these early invest-
ments. Increased temperature going along with
drought stress can result in drought-induced
divestments from reproductive organs (Saavedra
et al. 2003, Giménez-Benavides et al. 2007, Abeli
et al. 2012, Zeiter et al. 2016). When warming
occurs without water stress, the investment into
reproductive organs remains unclear. Thus,
increasing temperature may reveal underex-
plored thresholds, where the warming effect on
plant growth and reproductive organs changes
from positive to negative (Scheffer and Carpenter
et al. 2003, Turner et al 2020), which in turn may
have strong long-term effects on community
reassembly under future climatic conditions.

In this unique study, we explored how experi-
mental warming by downslope translocation of
entire plant–soil communities in the German
region of the European Alps (Berauer et al. 2019)
affected the onset and abundance of flowering in
semi-natural grasslands along a temperature–
precipitation gradient that ranged from benign
to stressful water availability conditions. We
additionally explored how different plant func-
tional groups, namely early- vs. late-flowering
species, graminoids, forbs, and herbaceous
legumes, reacted to this temperature–precipita-
tion change and the relationship to overall
aboveground community biomass production.
We hypothesize that (1) early-flowering species
better track climate change by adjusting flower-
ing onset to the novel climatic conditions as they
rely on the higher resource availability of early
spring; (2) species that advance their flowering
phenology in response to a warmer climate
increase their reproductive output as measured
by the number of flowers; and (3) carbon alloca-
tion toward aboveground net primary produc-
tion (ANPP) increases with warming.

METHODS

Experimental setup
In the summer of 2016, 45 intact plant–soil

monoliths were extracted from semi-natural
montane grasslands in an extensively managed
meadow at 1260 m asl. Monoliths were 30 cm in

diameter and 40 cm in depth, representing an
area shown to be sufficient to study community
responses and interactions in small statured
grasslands (Milbau et al. 2007) while maintaining
belowground processes. After excavation, mono-
liths were translocated downslope and reburied
flush with the ground at four target sites along
an elevational gradient ranging from 1260 m asl
(Esterberg; climatic control and recipient site of
nine replicates) to 860 m asl (Graswang; +1K) to
600 m asl (Fendt; +3K) to 350 m asl (Bayreuth;
+3.5K; for additional details on the study design,
see Berauer et al. 2019).
At each climate treatment—including the site

of origin—nine replicates were exposed to local
climatic conditions. At the lowest climate treat-
ment, an additional set of nine replicates was
installed and received an irrigation treatment
twice a week starting in spring 2018 (Fig. 5).
The irrigation treatment was designed to allevi-
ate communities’ water limitation at the lowest
elevation climate treatment caused by a sharp
decrease in annual precipitation at this experi-
mental site and clear signs of water stress in
2017 (Berauer et al. 2019). The amount of
added water was mimicking a subalpine pre-
cipitation pattern (in amount and frequency)
being calculated as the difference between
monitored precipitation at the lowest climate
treatment and the long-term monthly average
of the subalpine Stubai Valley (1850 m asl,
Austria), a higher elevation climate treatment
of this project that was not used in this study,
corresponding to a mean of 12.35 mm precipi-
tation, twice a week.
The elevational gradient represents an increase

of MAT by 3.5K between the highest and lowest
experimental site with intermediate steps at +1K
and +3K. This experimental setup tests a range
of simulated climate change scenarios, with the
maximum values representing IPCC Scenario
A1B with a mean air temperature rise of 3–4K
until 2100 (Körner 2003, IPCC 2007).

Environmental parameters
In spring 2017, a sensor for soil temperature

and moisture (EcH2O 5-TM; Decagon Devices,
Pullman, WA, USA) was installed horizontally at
5cm depth together with data loggers (EcH2O
Em50; Decagon Devices) in one monolith at each
climate treatment.
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The start of growing season was defined as the
first day where daily mean soil temperature was
above 5°C for five consecutive days (Table 1;
Appendix S1: Fig. S1; Zhang et al. 2011). This
temperature threshold describes site-specific
energy availability at ground level controlling
both biological and biochemical processes
(Jentsch and White 2019), which in turn are pri-
marily driving the green-up and onset of flower-
ing of grassland species (Scherrer and Körner
2009, Guo et al. 2018). Moreover, using soil tem-
perature data allowed us to infer site-specific
snowmelt regimes, which is especially important
at montane sites, where growing season start is
often determined by loss of snow cover rather
than air temperatures above a certain threshold
(Shaver and Kummerow 1992, Oberbauer et al.
2013).

Flowering phenology
Flowering phenology was monitored weekly

at each climate treatment along the downslope
translocation experiment in 2019, from the begin-
ning of the growing season until peak biomass
harvest (for an overview of defined growing sea-
son start and peak biomass, see Table 1). We
monitored species-specific onset and duration of
flowering plus number of flowers or inflores-
cences. Flowering was defined as the first open
flower with visible stamen (Meier 2018). Once
multiple individuals of a species in one monolith
started flowering, we flagged the first flowering
individual to monitor throughout the growing
season; the number of flowers was counted from
the flagged individual. For all graminoid species,
the number of inflorescences was used as the

flower unit, so that graminoid species were
recorded as flowering once the first anthers were
visible (Meier 2018). Due to graminoid’s potential
vegetative reproduction, all inflorescences of a
given species per monolith were counted. We
used mean number of flowers (individual-
specific over the growing season) for further
analysis (Hollister et al. 2005, Cleland et al. 2012).
According to Jäger and Rothmaler (2017), we
classified species starting to flower before or dur-
ing May as early-flowering species, whereas spe-
cies that started flowering after May were
classified as late-flowering species. Furthermore,
we visually estimated the percent of green cover
of each monolith as a proxy for environmental
stress (De Boeck et al. 2016, Stampfli et al. 2018,
Berauer et al. 2019). Even though monitoring at
the control and +3K climate treatment started
slightly after local growing season start, we cap-
tured initial flowering onset of all present spe-
cies.
Phenological sensitivity was calculated as the

number of days shifted in species-specific flower-
ing onset between the control and warming treat-
ments, per degree warming (Cleland et al. 2012)
averaged across all replicates where the species
occurred within each respective climate treat-
ment. The control treatment corresponds to the
highest experimental site used in this study,
which is the site of origin from where all translo-
cated monoliths were excavated. Warming treat-
ments correspond to the experimental sites along
the downslope translocation gradient.

Sphen ¼Onsetwarm�Onsetctrl
Twarm�Tctrl

Table 1. Site names of translocated plant–soil monoliths with elevation, climate treatment intensity, average
annual precipitation of years of experimental exposure 2016–2019 (MAPexp), total seasonal precipitation
between 15 May and 31 July 2019 (Precipseas), average air temperature at 2m unventilated between 2016 and
2019 (AirTempexp), average seasonal air temperature between 15 May and 31 July 2019 (AirTempseas), local
growing season (StartGS), phenological monitoring (Startmon), and peak biomass harvest (PBH).

Locality
Elevation
(m asl)

Climate
treatment

MAPexp
(mm)

Precipseas
(mm)

AirTempexp
(°C)

AirTempseas
(°C)

StartGS
(DOY)

Startmon
(DOY)

PBH
(DOY)

Esterberg 1260 ctrl 1797 584 5.6 13.7 121 135 190
Graswang 860 +1K 1349 443 6.8 15.4 87 83 189
Fendt 600 +3K 1015 276 8.8 17 60 76 189
Bayreuth 350 +3.5K 630 114 9.6 18.03 60 62 175
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Performance sensitivity was calculated
species-specific as the proportional change in
number of flowers (averaged across replicates
where species occurred within each respective
climate treatments) per degree warming. This
value indicates if a translocated species is pro-
ducing more or less flowers compared to the
higher elevation climatic control treatment,
which is the site of origin.

Sperf ¼ n: flowerswarm�n: flowersctrlð Þ=n: flowersctrl
Twarm �Tctrl

Aboveground biomass and species richness
Aboveground biomass of each monolith was

harvested 3cm above the ground at site-specific
peak biomass (Table 1). Biomass was sorted to
species, dried at 60°C for 48 h, and weighed. Spe-
cies richness at each climate treatment was calcu-
lated as the sum of all flowering species recorded
during the phenological monitoring plus all
additional non-flowering species found during
the biomass harvest (detailed species lists in
Appendix S1: Table S3). This approach captured
early-flowering species (e.g., Veronica chamaedrys
L.) that would otherwise be undetected at the
peak biomass harvest, as they had already
senesced by then.

Statistical analysis
We first tested whether (1) early-flowering spe-

cies would better track climate change by adjust-
ing flowering onset to the local growing season
compared to late-flowering species. For a
response variable, we calculated an average flow-
ering onset day for each species in each climate
treatment by taking the mean flowering onset day
of all monoliths within a climate treatment where
a given species was found. We conducted linear
mixed-effect models using the nlme package in R
(Pinheiro et al. 2021) with mean species-level
flowering onset dates as the response variable
(n = 9 for each climate treatment) and flowering
time (two-level factor: early- vs. late-flowering
species), climate treatment, and their interaction
as explanatory variables. As many species
occurred at multiple climate treatments, we used
species as a random effect. We examined multiple
Tukey-adjusted comparisons to calculate groups
with significant differences in flowering onset
using the emmeans package (Lenth 2020).

Next, we tested (2) whether performance sensi-
tivity increased with phenological sensitivity. We
averaged species-specific onset of flowering and
number of flowers across replicates within each
climate treatment and calculated sensitivities
according to Cleland et al (2012; see section Flow-
ering phenology above). Then, we used a linear
mixed-effects model to test whether the interac-
tion of phenological sensitivity and flowering
onset (levels: early; late) predicted performance
sensitivity with species ID as a random effect as
species may have occurred at multiple climate
treatments. Additionally, we used linear models
to test whether phenological sensitivity predicted
performance sensitivity for each climate treat-
ment.
We investigated how (3) the production of

aboveground plant biomass (ANPP) changed
with warming. We used linear models to test
whether differences in ANPP were predicted by
climate treatments relative to climatic controls
and how these differences varied by functional
groups. We repeated this process using species
richness as a response.
Lastly, we used generalized additive models

(GAMs, mgcv package) with treatment as a fac-
tor to model and compare the observed green
cover vs. days of the year due to non-linearities
and potentially important declines in green cover
in mid-season. GAMs were fit using restricted
maximum likelihood (REML) to identify opti-
mum smoothing parameters and a Gaussian
error distribution. We used AIC to verify that our
GAM improved the fit relative to a simple linear
model. All model residuals were checked for nor-
mality and homoscedasticity. All analyses were
performed in R Studio version 4.0.3 (R Core
Team 2018).

RESULTS

Shifts in onset of flowering
The translocated plant–soil monoliths were

able to track experimentally induced climate
warming by modulating plant species’ flowering
onset to local climates (P < 0.001; Fig. 1). The
mean flowering onset between earliest (lowest =
warmest) and latest (highest = coolest) climate
treatment differed by 34 d averaged across all
species, corresponding to 3.14 d advancement
per 100 m elevational change (see Table 2).
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Early-flowering species showed a mean advance-
ment of 3.81 d per 100 m elevational change,
while late-flowering species showed a mean
advancement of 2.3 d per 100 m across all cli-
mate treatment (early vs. late: P = 0.056). The
factors early and late were not confounded with
growth form (Appendix S1: Table S3).

Phenological sensitivity and performance
Increased advancement of flowering phenol-

ogy was correlated with increased investments
into reproductive organs, as indicated by a neg-
ative relationship between flowering onset
advancement and number of flowers produced
(P = 0.007; Fig. 2). This relationship was consis-
tent for both early- and late-flowering species
(P = 0.912), indicating that both groups respond
similarly to climate warming. The relationship

between phenological sensitivity and perfor-
mance sensitivity did not hold true for all cli-
mate treatments (Fig. 3). At the most moderate
climate treatment of +1K, the trend was highly
significant (P < 0.001) and mainly driven by
forbs and legumes. The same trend was
observed at the strongest climate treatment of
+3.5K receiving water addition (P = 0.039),
although a majority of species in this climate
condition produced less flowers relative to the
control and the pattern was mainly driven by an
important indicator graminoid species Poa
pratensis (L.) (P = 0.169 excluding P. pratensis).
For the strong climate treatments +3K and
+3.5K without watering, this trend was
inverted, but non-significant (P = 0.199 and
P = 0.068, respectively). Except for Plantago
lanceolata (L.) in the +3.5K water addition

Fig. 1. Flowering onset of translocated plant–soil monoliths along an elevational gradient splits into groups of
early- and late-flowering and all present species. Onset of flowering as measure of DOY follows the elevational
gradient with earliest flowering onset at lowest elevation. Water addition at the lowest recipient climate treat-
ment led to a shift back in flowering onset, likely indicating drought stress in plant communities without water
addition. Letters indicate significant differences between climate treatments. Mean flowering onset between
early- and late-flowering species differed marginally, indicating a phenological divergence between these two
groups (P = 0.056).
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treatment, all monitored species experienced
advances in the onset of flowering (Fig. 3).

Productivity and species richness
Community aboveground biomass production

(ANPP) did not respond linearly to the experi-
mental climate treatment (Fig. 4A). ANPP
increased under modest climate change
(P+1K = 0.025) fitting findings from previous
years (Berauer et al. 2019). Communities under
more severe climate change scenarios decreased
in ANPP, indicating threshold dynamics after
three years of climatic exposure (P+3K = 0.061;
P+3.5K < 0.001; P+3.5K+water < 0.001). The signifi-
cant increase in ANPP at the +1K climate treat-
ment was due to increased biomass production
of graminoid species (P = 0.003). The increased
production of graminoid species is likely at the
cost of forb species, which decreased in produc-
tion under modest warming (P < 0.001; Fig. 4B
and Appendix S1: Table S1).

Species richness of plant communities declined
significantly upon downslope translocation
along the elevational gradient (Fig. 4C; Appen-
dix S1: Table S3). While we did not find a

significant decline in mean forb richness between
the control and +1K climate treatment, forbs
declined at +3K (P < 0.001), +3.5K (P < 0.001),
and 3.5K +water (P < 0.001). The higher number
of recorded forbs at +3.5K compared to +3K and
+3.5K with water addition is due to the invasion
of new species (i.e., Senecio vulgaris (L.), Pilosella
piloselloides (VILL.) SOJáK) from matrix vegetation.
Graminoid species richness declined significantly
at +3.5K (P < 0.001) and even at +3.5K with
water addition (P = 0.002). We did not find any
significant changes in legume species richness,
despite their absence at +3.5K without water
addition (Appendix S1: Table S2).

Green tissue as a stress indicator
Our generalized additive model (GAM) analy-

sis indicated that green tissue in the control,
+1K, and +3K treatments plateaued and showed
no stress from drought effects (ctrl, F = 22.77,
df = 4.57, P < 0.001; +1K, F = 77.24, df = 4.60,
P < 0.001; +3K, F = 27.17, df = 4.30, P < 0.001).
Moreover, green tissue began senescing in the
last week of May (DOY = 148) at the most
intense climate treatment of +3.5K without water

Table 2. Mean start of flowering along the elevational gradient with climate treatment intensity, flowering group,
number of present species across all nine replicates (N), mean start of flowering, standard deviation (SD), stan-
dard error (SE), confidence interval (CI), elevational change, and day shift in mean flowering onset per 100 m
elevational change.

Climate treatment Flowering N Start (DOY) SD SE CI
Elevational
change (m) Days per 100 m

Ctrl Early 21 166.4 9.5 2.1 4.3 0 NA
+1K Early 23 152.5 19.8 4.1 8.5 400 −3.48
+3K Early 12 133.5 17.2 5 10.9 660 −4.98
+3.5K Early 9 130.6 30.8 10.3 23.7 910 −3.93
+3.5K +water Early 12 140.4 17.9 5.2 11.4 910 −2.86
Mean −3.81
Ctrl Late 10 178.1 7.9 2.5 5.6 0 NA
+1K Late 9 171.4 11.8 3.9 9.1 400 −1.68
+3K Late 4 160.2 9 4.5 14.3 660 −2.71
+3.5K Late 4 150.8 6.1 3 9.6 910 −3.0
+3.5K +water Late 6 161.8 10 4.1 10.5 910 −1.79
Mean −2.3
Ctrl All species 31 170.2 10.5 1.9 3.8 0 NA
+1K All species 32 157.8 19.7 3.5 7.1 400 −3.1
+3K All species 16 140.1 19.4 4.8 10.3 660 −3.31
+3.5K All species 13 136.8 27.1 7.5 16.4 910 −3.67
+3.5K +water All species 18 147.5 18.5 4.4 9.2 910 −2.49
Mean −3.14

Notes: Note that water addition delayed mean start of flowering for both early- and late-flowering species. Mean onset of
flowering between early- and late-flowering species was marginally significant (P = 0.056; F77 = 3.738).
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addition (F = 18.35, df = 5.79, P < 0.001; Fig. 5),
likely as a result of depleted soil moisture by
evapotranspiration. Conversely, no bimodality
was observed in the +3.5K with water addition
treatment (consistent water supply resulted in a
linear increase of green tissue over time). The
overall model D2 was 71%, indicating that the
GAM provided a good fit. The GAM indicated
that smoothing functions were appropriate for
all climate treatments excluding the +3.5K with
water addition; model fit using smoothing
parameters was better than when using a stan-
dard linear model, as evidenced by AIC
(AICGAM = 6056; AIClm = 6382). Within two
weeks from DOY = 142 to DOY = 155, soil mois-
ture was reduced from 40% to 14% at +3K and
20% to 4% at +3.5K, respectively. Soil moisture
values stayed low during the critical time of
flowering until the harvest date in early July (i.e.,
soil moisture +3.5K ≤ 15% for 96 d). At the
+3.5K climate treatment, monoliths receiving
water addition corresponding to a mean of
12.35 mm precipitation twice a week were able

to sustain green tissue. Orographic rainfall in
combination with frequent morning dew at the
+1K climate treatment continuously provided
water to the translocated plant–soil monoliths.

DISCUSSION

As hypothesized, nearly all species in down-
slope translocated monoliths were able to track
climate change by advancing onset of flowering
under warmer conditions with early-flowering
species seeming to have greater advancement
than late-flowering species. Generally, species
that were better able to track local climate in
flowering phenology were also able to increase
their investment into reproductive organs dis-
playing more flowers. However, at climate treat-
ments where precipitation declined with
increased temperature, investment into repro-
ductive organs did not increase with advanced
flowering dates and even showed a tendency to
decline. We found that responses were highly
species-specific with the tendency toward

Fig. 2. Phenological sensitivity as a significant predictor of flowering performance. Species that tracked experi-
mentally induced climate change by flowering earlier showed positive performance responses. This trend stayed
consistent across early- and late-flowering species.
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increased graminoid reproductive performance
at the expense of forb reproductive performance
under dry conditions.

Phenological sensitivity predicts flowering
performance

As per our hypothesis and in line with previ-
ous findings (Jentsch et al. 2009, Cleland et al.
2012), we found that with advancing flowering
phenology, the amount of reproductive organs of
species increased in general. While others have
shown that late-flowering species may delay
their flowering phenologies to avoid unfavorable
conditions in the middle of summer (Taylor and
Garbary 2003, Sherry et al. 2007, Munson and
Sher 2015), all species in our study (except one),
whether early or late flowering, showed an ear-
lier flowering onset compared to the climatic
control, which fits the general observations of

advanced flowering under warming (Menzel and
Sparks 2007, Moore and Lauenroth 2017).
Previous studies reported stronger responses

to warming in early-flowering species compared
to late-flowering species (Miller-Rushing and
Inouye 2009, Moore and Lauenroth 2017, Arfin
Khan et al. 2018), and we found a similar ten-
dency for early-flowering species to advance
flower onset to a greater degree than late-
flowering species. We observed a similar, posi-
tive relationship between flower onset advance-
ment and reproductive performance, measured
as number of flowers per individual, in early-
and late-flowering species, but due to the greater
advancement potential of some early-flowering
species, the greatest increase in investments into
reproductive organs was seen in the early-
flowering cohort. Graminoids dominated the
late-flowering cohort (see Appendix S1:

Fig. 3. Relative effect of passive warming on phenological sensitivity and performance sensitivity along the
elevational gradient. Climate treatments at the more severe climate treatments of +3K and +3.5K suffering under
drought effects reduce investments into reproductive organs. Some graminoid species show increased perfor-
mance under drought.
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Table S3). While most forbs such as Myosotis syl-
vatica ssp. alpestris (F.W. Schmidt) and legumes
such as Trifolium pratense ssp. pratense (L.)

suffered under water deficiency at the more sev-
ere climate treatments (+3K and +3.5K without
water addition), certain graminoid species such

Fig. 4. Aboveground net primary production and species richness along the elevational gradient after three
years of passive warming. (A) ANPP of all species present at climate treatments. (B) ANPP of three plant func-
tional groups. Asterisks indicate levels of significance between each recipient climate treatment and the climatic
control. (C) Species richness splits into three plant functional groups. For each plant functional group, letters indi-
cate significant changes in species richness due to experimentally altered climate conditions.
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Fig. 5. Green cover of translocated plant communities along the elevational gradient modeled as GAM (solid
green line) with 95 confidence interval (green ribbon). Early senescence of plant communities due to soil water
depletion indicated as soil moisture at 5 cm (blue lines). Blue bars at the lowest climate treatment indicate
biweekly water addition per plant–soil monolith to remove water limitation as soil moisture data were unavail-
able. Asterisks show significant differences in green cover relative to the control.

 v www.esajournals.org 11 July 2021 v Volume 12(7) v Article e03661

SCHUCHARDT ETAL.



as Elymus repens (L. Gould) still increased perfor-
mance compared to the climatic control treat-
ment, potentially masking the signal of forb or
legume performance declines in the group of
late-flowering species.

Interestingly, the relationship of species-
specific phenological sensitivity to climate warm-
ing and performance was not consistent along
the entire climatic gradient indicating unknown
threshold dynamics. Monoliths translocated to a
warmer site with sufficient water availability
throughout the season produced more flowers
with advancing phenologies. This trend was also
evident at the warmest site when water was
experimentally supplemented, though this pat-
tern was dominated by a single species, Poa
pratensis. Consequently, the benefit of a species
advancing its phenology in warmer environ-
ments appears to be dependent on water defi-
ciency. Climate treatments experiencing drought
stress even tended to show the reverse trend,
with decreased flowering performance with
higher climate sensitivity (Saavedra et al. 2003).
Under drought conditions, competitive interac-
tions between species of various growth forms
have shown to alter species-specific onset and
length of flowering period (Jentsch et al. 2009).
Likely, this meant that plant communities under
stressful, water-limited conditions were not able
to sustain this early warming-driven investment
in reproduction. Hence, advanced flowering
does not necessarily translate into higher repro-
ductive performance and can potentially result in
wasted resource investments for a plant (Saave-
dra et al. 2003), highlighting the need to explore
interacting climate change drivers to reveal
where critical water deficit thresholds cause spe-
cies performance to decline (Turner et al 2020).

At the lowest climate treatment receiving
biweekly water addition, most present species
produced less flowers compared to the climatic
control treatment, but still showed a significant
negative relationship between phenological sen-
sitivity and flowering performance. Species
highly sensitive to warming, thus accelerating
their flowering onset, produced more flowers
compared to species less sensitive to warming
within the same climatic treatment. At +3.5K
with water addition, this relationship was driven
by P. pratensis (L.), a fairly durable and drought-
resistant species, which may be an early indicator

for community reassembly (toward graminoid
dominance) after three years of climate exposure
due to (1) increased investments into reproduc-
tive organs and (2) relative dominance in space
(40% mean cover in 2019). Plants may shift their
resources from reproduction to maintenance
(Parsons 1990) or from aboveground to below-
ground productivity (Barnabas et al. 2008) under
stressful conditions (Knapp et al. 2008, da Sil-
veira Pontes et al. 2015). Our watering treatment
began in 2018 after observing a sharp decline in
community performance in the first year of study
after downslope translocation (Berauer et al.
2019). It is likely, then, that even after alleviating
water stress, these communities were still recov-
ering from drought conditions, potentially
explaining their poor performance relative to the
wetter and cooler controls. Moreover, a severe
and extended natural drought occurred in Cen-
tral Europe in the summer of 2018 (Buras et al.
2019), potentially delaying recovery of these
communities even with watering as evapotran-
spirative demand was severe. This finding
suggests that plant communities in the +3.5K
water addition treatment may be in an interme-
diate state between recently sufficient water sup-
ply and recovering from the 2018 natural
drought, thus showing a single species-driven
pattern.

Climate-dependent allocation strategies
Biomass production is often reduced under

drought conditions, which may decrease overall
fitness by reducing fecundity (Shipley and Dion
1992, Tracey and Aarssen 2011, Gellesch et al.
2017, Younginger et al. 2017). In our study, spe-
cies under modest warming showed higher
flower abundances mainly driven by forb and
legume forb responses, while the species with
the greatest ANPP gains were graminoids, indi-
cating that these two plant functional groups,
forbs and graminoids, had complementary allo-
cation strategies under warmer conditions with
adequate soil water resource. Under persistent
water stress, we found that graminoid species
were best able to maintain reproductive and veg-
etative performance, while forbs and legumes
showed a decrease in investment into reproduc-
tive organs, a decrease in ANPP, or they even
went locally extinct. However, there is a lack of
generality regarding graminoid response to
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drought; graminoids reduce the number of
reproductive shoots relative to forbs and
legumes in some systems (Zeiter et al. 2016),
while they may recover better from drought in
terms of biomass production in others (Grant
et al. 2014, Stampfli et al. 2018, Mackie et al.
2019). In temperate grasslands, graminoid spe-
cies typically develop shallower and more flexi-
ble rooting systems compared to forbs or
legumes, thus increasing the graminoid’s
drought sensitivity but also response flexibility
(Bardgett et al. 2014, Kübert et al. 2019). Yet, gra-
minoids were shown to react quickly after rewet-
ting events due to their dense mat of roots in
upper soil layers (Michalet et al. 2016, Rosbakh
et al. 2017) and also respond fast to warming in
high latitude grasslands (Klanderud et al. 2015).
Capturing small amounts of precipitation after
drought periods could lead to the observed posi-
tive performance of graminoids with respect to
both flower abundance and ANPP.

Declines in species richness
Local declines in species richness likely reflect

competitive interactions under decreasing
resource levels, finally leading to species loss due
to environmental stress, as indicated by
decreases in community biomass and green
cover. However, this is likely exacerbated by the
fact that we observed less investment into repro-
ductive organs under climate change. Moreover,
the downslope translocated monoliths were not
in their native matrix vegetation, meaning there
is less potential for recovery of native species
from surrounding seed rain (Stein et al. 2008).
This is especially important in alpine and mon-
tane plant communities, since they have been
shown to lack competitive traits to resist novel
species colonization from warmer climate vege-
tation (Alexander and Levine 2019, Meineri et al.
2020). Investigating actual seed rain in target
sites of translocation experiments combined with
germination trials of collected seeds is a valuable
future avenue of research.

Implications for plant community composition
Almost all species of the translocated plant

communities were able to track warmer climate
by advancing their flowering onset. Our study
highlights the vulnerability of species-rich mon-
tane grasslands to future climate changes,

mainly due to the inability to withstand drought
events under warmer temperatures. Montane
plant communities exposed to warmer and drier
environments suffered under drought as evi-
denced by early senescence and decreased plant
investments into both reproductive organs and
vegetative growth. Decreased number of flowers
across many species translates into a decrease in
potential seed rain and reproductive success
(Liu et al. 2012). This is particularly important
since high elevation communities have been
shown to be highly susceptible to colonization
by either non-native or more competitive grami-
noid species due to the lack of competitive
traits, such as a fast and opportunistic resource
acquisition and growth form (Meineri et al.
2020). Furthermore, this study contributes to a
growing body of literature (i.e., Klanderud et al.
2015, Rosbakh et al. 2017, Wellstein et al. 2017,
Berauer et al. 2019) observing shifts toward gra-
minoid dominated, forb-depressed states in both
subalpine and montane semi-natural grassland
communities under changing climate. Future
plant community dynamics, ecosystem services
such as fodder quality (i.e., loss or extirpation of
legumes), and biodiversity conservation efforts
are highly dependent on species being able to
maintain reproductive output under increas-
ingly uncertain temperature and precipitation
dynamics.
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